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We theoretically study the dynamics of a trapped ion that is immersed in an ultracold gas of
weakly bound atomic dimers created by a Feshbach resonance. Using quasi-classical simulations,
we find a crossover from dimer dissociation to molecular ion formation depending on the binding
energy of the dimers. The location of the crossover strongly depends on the collision energy and the
time-dependent fields of the Paul trap. Deeply bound dimers lead to fast molecular ion formation,
with rates approaching the Langevin collision rate Γ′L ≈ 4.8× 10−9 cm3s−1. The created molecular
ions have kinetic energies . 1 K, such that they will stay confined in the ion trap. We conclude
that interacting ions and Feshbach molecules may provide a novel approach towards the creation of
ultracold molecular ions with applications in precision spectroscopy and quantum chemistry.
Recently, trapped ions have been combined with ultra-
cold atomic gases [1–8]. These systems are of particular
interest to study charged impurity physics in a quantum
bath. The well-controlled ionic impurities may be used
to probe properties of the atomic bath, or to study the
decoherence of internal states and motion while interact-
ing with a quantum environment [4, 9–15]. Notably, the
charge-dipole interactions are longer-ranged than those
found in neutral systems [7, 16]. This could lead to larger
polaronic effects [17] and it has been suggested that many
atoms can become weakly bound to a single ion [18]. The
system is experimentally attractive as both the motion
and internal states of individual trapped ions can be ac-
curately controlled and measured [19, 20]. Furthermore,
the interactions within the atomic bath can be tuned with
Feshbach resonances and these even allow for transform-
ing the bath into a gas of molecules [21]. However, the
long-range interactions tend to translate into a higher re-
activity, as has been shown for instance for Rydberg im-
purities in an atomic gas [22]. Therefore, understanding
the chemistry of the species involved is fundamental to
develop models for charged impurities in ultracold gases.
In this work, we present a theoretical study of a single
ion impurity in a bath of ultracold diatomic molecules
whose binding energy can be controlled with a Feshbach
resonance. We show that a crossover exists in the system,
depending on the molecular binding energy Eb and the
ion-molecule collision energy Ecol. We find that a charged
impurity reacts with a molecule of the bath leading, as
the main reaction channel, to the formation of molecular
ions, which can be viewed as a charged-molecular impu-
rity. However, as soon as Ecol  Eb, the impurity pre-
dominantly induces the dissociation of the dimer, and the
molecular ion creation rate drops significantly. In other
words, by tuning the binding energy it is possible to con-
trol the nature of a charged impurity. Our results open a
new avenue towards the creation of ultracold molecular
ions with applications in quantum chemistry and preci-
sion spectroscopy [8, 23–26].
As a prime example, we study the 6Li2-Yb
+ system
inside the radio frequency electric fields of a Paul trap
as sketched in Fig. 1. The large mass ratio is appealing
to study chemical reactions experimentally, as Yb+ and
LiYb+ can be confined simultaneously despite the Paul
trap acting as a mass filter. Furthermore, the mass ra-
tio mitigates adverse heating effects from the Paul trap
[27, 28], which allowed to reach ultracold atom-ion colli-
sion energies on the order of 10µK [14]. For the reported
collision energies the full crossover regime is within exper-
imental reach. The 6Li atoms feature a broad Feshbach
resonance around 832 G between the two lowest energy
spin states [29]. On the repulsive side of this resonance,
long-lived Li2 dimers are produced by three-body recom-
bination once the atoms are sufficiently cold [30]. The
binding energy of these weakly bound dimers lies in the
µK range and can be straightforwardly tuned using an
external magnetic field.
Theory – We simulate the dynamics of the colliding
ions and molecules using the quasi-classical trajectory
(QCT) method. This approach has been used to treat
scattering problems in the chemical physics community
since the pioneering work of Karplus et al. [31] and it
has recently been applied to the study of cold chemi-
cal reactions between molecular ions and neutrals [32].
The QCT method calculates the trajectories classically
but the initial conditions of the colliding partners are se-
lected according to the quantum state of the reactants
through the celebrated Wentzel, Kramers, and Brillouin
(WKB) or semi-classical approximation [33, 34]. QCT is
applied in scattering problems where many partial waves
contribute [32] or when the problem is too complex for a
full quantum treatment. The latter is the case when we
consider the electric fields of a Paul trap, which have a
massive impact on atom-ion scattering [28, 35, 36], but
severely complicate calculations due to its asymmetry
and explicit time dependence.
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FIG. 1. Left: Schematics of the atom-ion system investigated. A single ion (blue) trapped in the radio-frequency blades of a
Paul trap (gray) combined with a cloud of ultracold molecules (red). Right: Classical turning point rct, binding energy Eb
and scattering length a as a function of the magnetic field strength B for Li2 dimers created close to the Feshbach resonance.
Inset: Sketch of a single simulation run. A Yb+ ion (blue) oscillating in the trapping field of the Paul trap collides with a Li2
dimer (red, orange), whereby the Li2 is dissociated.
The potential of a Paul trap is given by:
V (~r, t) =
Udc
2
3∑
j=1
αjr
2
ij +
Urf
2
cos (Ωt)
3∑
j=1
α′jr
2
ij , (1)
with ~ri = ~0 the center of the trap, Udc and Urf curvatures
of static and radio-frequency fields respectively and ge-
ometry factors α
(′)
j . For the linear Paul trap considered
here, −2α1 = −2α2 = α3 = 1 and α(′)1 = −α(′)2 = 1,
α
(′)
3 = 0. The motion of the ion in the transverse direc-
tions can be descibed by a slow (secular) motion with
a frequency ω⊥ ≈ Ωq/
√
8 and q = 2eUrf/(mYb+Ω
2) su-
perimposed on a fast micromotion with frequency Ω [20].
The motion along the axial z-direction is purely harmonic
with frequency ω3 =
√
eUdc/mYb+ .
The atom-ion potential consists of a characteristic long
range term Cai4 /r
4
ai which is a consequence of the charge-
induced dipole interaction. Cai4 is the attractive inter-
action coefficient and rai the atom-ion distance. Two
atom-ion collision types can be distinguished: large im-
pact parameters b lead to elastic scattering (glancing col-
lisions), whereas for b < bc = (2C
ai
4 /Ecol)
1/4 spiraling
Langevin collisions occur in which large momentum and
energy transfer is possible [37]. The Langevin collision
rate ΓL = 2piρa
√
Cai4 /µai is independent of the collision
energy. Here, ρa is the cloud density and µai is the atom-
ion reduced mass. We model the atom-ion potential with
Vai(rai) = −C
ai
4
2r4ai
+
Cai6
r6ai
, rai = |~ra − ~ri| , (2)
where ~ra and ~ri are the atom and ion position respectively
and Cai6 is the repulsion coefficient [28].
Li atoms can be paired into Li2 dimers on the repul-
sive side of the Feshbach resonance. These molecules
are formed by a weak admixture of the highly excited
vibrational bound state X1Σ+g (ν = 38), with ν the
vibrational quantum number [38]. Their binding en-
ergy Eb = ~2/(mLia2) depends on the scattering length
a = abg(1 +
∆B
B−B0 )(1 +α(B−B0)) and thus on the mag-
netic field strength B, with mLi mass, ~ Planck’s reduced
constant, B0 = 834.15 G, abg = −1405 a0, ∆B = 300 G,
and α = 4× 10−5 G−1, with Bohr radius a0 [39].
For the atom-atom interactions, we use a Lennard-
Jones potential
VLi2(raa) = −
Caa6
r6aa
+
Caa12
r12aa
, raa = |~ra1 − ~ra2 | , (3)
where ~ra1,2 are the atom positions and C
aa
6 and C
aa
12 the
attraction and repulsion coefficients respectively.
For each scattering event, we initialize the molecule on
a sphere with radius rstart = 0.5µm, large enough to ac-
count for potentially large ion-orbits. The ion is launched
from the center and both ion and molecule velocities are
diced from thermal distributions. Also the orientation of
the molecule axis is randomized. The Li atoms are initial-
ized in the outer classical turning point of the molecular
potential rct (see Fig. 1), where kinetic energy stems from
center of mass motion alone. Initially, the molecules do
not rotate. The particles are propagated using a 4th order
adaptive Runge-Kutta method until one of the particles
leaves a sphere of radius rend ≈ 1.3 rstart [28].
We identify three scattering channels:
(i) Molecular ion formation: Li2 + Yb
+ → Li + LiYb+
(ii) Dissociation: Li2 + Yb
+ → Li + Li + Yb+
(iii) Quenching: Li2(ν) + Yb
+ → Li2(ν’) + Yb+
The reaction products are discriminated by calculating
the energy of the possible sub-systems Li2 and LiYb
+ at
the end of the each simulation. The probability for one of
the scattering channels χ is obtained from Monte Carlo
sampling of the starting conditions:
Pχ =
Nχ
N
± δNχ , δNχ =
√
Nχ(N −Nχ)
N3
, (4)
310 1100101102
Eb/kB [ K]
0
1
2
3
4
5
′  [
10
9
cm
3 s
1 ]a)
Ecol
PT
SA
5.0 7.5 10.0 12.5 15.0 17.5 20.0
Ecol/kB [ K]
2
4
′  [
10
9
cm
3 s
1 ]
650 700 750 800
B [G]
                    
a
b
FIG. 2. Reaction rates for molecular ion formation (markers,
solid lines) and dissociation (dotted lines). a) Binding energy
dependence for E¯col/kB ≈ 11µK (gray dashed line), corre-
sponding to TLi2 = 2µK and TYb+ = 100µK. In (blue) Paul
trap (PT) and in (orange) the time independent secular ap-
proximation (SA). Green dashed line is the Langevin collision
rate for Li-Yb+. b) Collision energy dependence with fixed
binding energy Eb/kB = 8.6µK for TLi2 = 2µK and TYb+
=12.5–100µK in the Paul trap.
where Nχ and δNχ denote the number and standard de-
viation of the trajectories associated with channel χ and
N the total number of trajectories.
The reaction rate is
Γ′χ = κ
√
TLi2 (Pχ ± δNχ), (5)
with TLi2 the molecule temperature and κ ≈ 3.29 ×
10−11 m3s−1K−
1
2 [40]. For each parameter setting we
propagate 2 × 104 trajectories and use temperature dis-
tributions around TLi2 = 2µK and TYb+ = 100µK
(E¯col/kB ≈ 11µK), if not stated otherwise. The aver-
age collision energy of the system is calculated with
E¯col =
µ
mYb+
5
2
kBTYb+ +
µ
mLi2
3
2
kBTLi2 , (6)
where µ is the ion-molecule reduced mass, and kB is the
Boltzmann constant. Note, that we account for the in-
trinsic micromotion of the ion in the Paul trap by count-
ing five degrees of freedom [41] in Eq. (6).
Results – We investigate the reaction rates as a func-
tion of the Li2 binding energy Eb, as shown in Fig. 2a.
We compare the reaction rates for molecular ion forma-
tion Γ′
LiYb+
and Li2 dissociation Γ
′
diss in the Paul trap
(PT) and in a time-independent harmonic trap with the
same trap frequencies ω⊥ and ω3 corresponding to the
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FIG. 3. Reaction rate dependence on the ratio of average
collision energy to binding energy in the Paul trap. Molecular
ion formation LiYb+ (markers) and dissociation rates (dotted
lines) for six different collision energies. The broad blue line
is the analytic model described in the text and the horizontal
green dashed line indicates the Langevin rate. Error bars
(. 0.3× 10−9 cm3s−1) are omitted for visibility.
so-called secular approximation (SA). We find two dif-
ferent regimes. For tightly bound molecules (Eb 
E¯col) molecular ion formation is the dominant channel,
with Γ′LiYb+ close to the Langevin collision rate Γ
′
L ≈
4.8 × 10−9 cm3s−1, while Γ′diss is negligible. Approach-
ing the Feshbach resonance (Eb  E¯col), dissociation
becomes the dominant process, while Γ′
LiYb+
decreases
to a roughly constant rate below 1.5×10−9 cm3s−1. The
rate for breaking up Li2-dimers is approximately constant
Γ′diss+Γ
′
LiYb+
≈ Γ′L for Eb/kB & 1µK. Here, we find that
< 5% of the Li2-dimers do not break up in a Langevin
collision [40]. Close to the Feshbach resonance we find
Γ′diss > Γ
′
L, as even glancing collisions can dissociate the
very weakly bound molecules [40]. The location of the
crossover strongly depends on the collision energy E¯col
as can be seen in Fig. 2b. With a fixed binding energy
E¯b/kB = 8.6µK and Tmol = 2µK we vary the TYb+ be-
tween 12.5− 100µK. For small collision energies we find
Γ′diss < Γ
′
LiYb+
. With increasing E¯col more tightly bound
molecules can be dissociated. Hence, the crossover occurs
at larger binding energies.
We investigate the reaction rate dependence on the
ratio of collision to binding energy for various ion and
atom temperature distributions. As shown in Fig. 3, all
simulations can be roughly explained by the ratio ξ =
E¯col/Eb. For ξ  1 the system is in the molecular-ion
formation regime. At ξ ≈ 1 the dissociation channel
opens and Γ′LiYb+ decreases until dissociation becomes
the dominant process for ξ  1.
To explain this behavior we develop a simple model.
The reaction rate for product χ can be separated into
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FIG. 4. Effect of excess micromotion on the reaction rates for
E¯col = 11µK. Molecular ion formation (markers, solid lines)
and Li2 dissociation (dotted lines) for additional electric fields
of (blue) 0 Vm−1, (orange) 0.3 Vm−1 and (green) 0.6 Vm−1.
events from Langevin (L) and non-Langevin (non-L) col-
lisions Γ′χ = Γ
′
L,χ + Γ
′
non−L,χ. However, to form LiYb
+
the minimum atom-ion distance must become small and
therefore only Langevin collisions can contribute. The
reaction rate is thus given by
Γ′L,LiYb+ (ξ) = Γ
′
L − Γ′L,Li2 − Γ′L,diss (ξ) . (7)
The dissociation channel opens for E¯col > c× Eb. Here,
the factor c takes into account the unknown interchange
of the reaction channels as well as the possibility of energy
transfer from the oscillating field of the Paul trap. We
therefore obtain the ratio of LiYb+ events by integrating
the collision energies, which we assume to be Maxwell-
Boltzmann distributed, up to c× Eb
FLiYb+(ξ) = 2
∫ c×Eb
0
√
E′col
E¯3colpi
× exp
(
−E
′
col
E¯col
)
dE′col
= −2e−c/ξ
√
c
piξ
+ erf
(√
c/ξ
)
. (8)
The reaction rate is then Γ′LiYb+(ξ) = a+ b× FLiYb+(ξ),
where a is the molecular ion formation rate for E¯col  Eb
and b = Γ′L−Γ′L,Li2−a relates the model to the Langevin
collision rate.
Fitting our model to the numerical results, we find
good agreement, as can be seen in Fig. 3 and we extract
a ≈ 0.7×10−9 cm3s−1, b ≈ 3.9×10−9 cm3s−1 and c ≈ 3.1.
We obtain Γ′L − Γ′L,Li2 ≈ 4.6× 10−9 cm3s−1 ≈ 0.95× Γ′L,
indicating that in only very few Langevin collisions the
Li2-dimers do not break up.
Influence of the Paul trap – As shown in Fig. 2a,
the reaction rates show a significant difference between
the PT and the SA. In the PT the dissociation channel
opens up at larger binding energies compared to the SA.
The time-dependent fields change the dynamics of the
molecule-ion collisions, such that the PT has the effect
of an increased collision energy, compared to the SA.
Moreover, the PT can suffer from imperfections that
cause so-called excess micromotion (emm) which leads
to significantly higher ion kinetic energies. In an exper-
iment, a common cause of emm are stray electric fields
that push the ion away from the trap center such that
it experiences a non-zero oscillating field. In Fig. 4
we present reaction rates for a PT with additional stray
electric fields up to 0.6 Vm−1 in transverse direction. We
see that introducing emm has the same effect as scat-
tering with a higher collision energy. In state-of-the-art
Paul traps, stray electric fields can be eliminated down to
∼ 0.1 Vm−1 [3, 14, 42]. We conclude that the crossover
regime to molecular ion formation should remain observ-
able at realistic emm levels. At the same time, applying
well controlled electric fields will allow us to tune the col-
lision energy without influencing the molecule density or
the trap depth of the Paul trap as has been demonstrated
for atom-ion collisions [3, 14].
Discussion & Conclusion – Our simulations reveal
the existence of a crossover regime from Li2 dissociation
to LiYb+ formation in collisions of a trapped ion with
Feshbach dimers. Importantly, the full crossover is within
experimental reach as the required collision energies and
magnetic field strengths have been reported [14]. We find
that all created LiYb+ molecular ions have kinetic ener-
gies . 1 K and thus are easily trapped for typical Paul
trap depths  10 K.
It is appealing to study both theoretically and ex-
perimentally how quantum effects will appear as devi-
ations from our model. In particular, the crossover to
the quantum regime for atom-ion collisions occurs for
E¯col ≈ E∗ = ~2/(2µai(R∗)2), with R∗ =
√
2µaiCai4 /~2.
For 171Yb+-6Li we find E∗/kB = 8.6 µK, which becomes
equal to the molecular binding energy for B ≈ 705 G.
A significant increase in richness can be expected once
the collision energy of the atoms and ion reach deep in
the quantum regime, where Feshbach resonances between
these particles can play a role as well [43].
Our results point to a novel method for creating ultra-
cold molecular ions. It will be interesting to study buffer
gas cooling of the formed molecular ion with the atomic
gas or ultracold collisions of molecular ions with Feshbach
dimers. The LiYb+ molecular ion has a large permanent
electric dipole [43, 44] and may allow the study of dipole-
dipole interactions. By cotrapping an atomic Yb+ ion,
the molecular ion can be straightforwardly identified by
mass spectrometry using, e.g., the collective modes of ion
motion. These techniques can also be used to perform
quantum logic spectroscopy and to study the properties
of the molecular ion [24–26].
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6Coefficient description Value
fz axial trap frequency 130.037 kHz
frf rf-drive frequency 1.85 MHz
qx,y rad. q-parameter ±0.5
qz ax. q-parameter 0
Tion initial ion temp. 5− 250µK
Tmol mol. temp. 2− 20µK
rstart mol. start radius 0.5µm
rend mol. escape radius 0.655µm
ptol rel. num. tolerance 10
−10
Cai4 attractive 5.607× 10−57 J m4
Cai6 repulsive 5× 10−19 m2 × C4
Cmol6 attractive 1.3× 10−76 J m6
Cmol12 repulsive 3.2× 10−128 J m12
B magn.-field strength 600− 830 G
Eb/kB mol. binding energy 0.003− 187µK
TABLE I. Parameters used in the simulations if not stated
differently.
Appendix
Model checks – We present additional information for
controlling the nature of a charged impurity in a bath of
Feshbach dimers. The parameters used for the numer-
ical simulations are presented in Tab. I, if not stated
differently. For the Paul trap the values correspond to
the experimental ones from Ref. [14] and the atom-ion
coefficients are taken from Ref. [28]. For the Feshbach
molecules we used Ref. [39], with this, the magnetic fields
deviate < 1% from recent measurements [29]. First, we
explain how the reaction rates are obtained from indi-
vidual collisions and we compare the Langevin collision
rate from our numerical simulation with the analytically
expected Langevin rate. We look at Langevin and non-
Langevin collisions and study their reaction rates sepa-
rately. The Li2 model potential is discussed and a conver-
gence check is presented for the chosen potential depth.
Finally, we do an energy conservation check and investi-
gate the tolerance of our 4th order Runge-Kutta stepper
method.
Extracting rates from the numerical simulations – In
the numerical model we simulate single ion-molecule col-
lisions and count the different reaction products. To ex-
tract a rate from these results, we do a projection onto
an atomic (molecular) density by using
Vs
〈v〉s
〈s〉s
= κ
√
TLi2 , (9)
LiYb + diss. Li2 LiYb + diss. Li2 LiYb + diss. Li210
2
10 1
100
101
102
P 
[%
]
49.9 K 1.58 K 0.0144 K
FIG. 5. Percentage of reaction rates from Langevin collisions
for Eb/kB = 49.9µK, 1.58µK and 0.0144µK.
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FIG. 6. Incidences of minimal atom-ion distance for non-
Langevin collisions at Eb/kB = 0.0144µK. Reactions with
Li2 maintained (blue) and reactions with Li2 dissociated (or-
ange). Break up occurs only close to Langevin impact param-
eter (gray line), where the linewidth of the shaded gray area
indicates two times the molecule size.
where the average velocity from a Maxwell-Boltzmann
distribution is given by
〈v〉s =
√
8kBTLi2
pimLi2
, (10)
with molecule temperature TLi2 and Boltzmann constant
kB. For a sphere of volume Vs =
4
3pir
3
start with radius
rstart the average distance for two points on the surface
is 〈s〉s = 43rstart. We obtain
κ =
√
8pikB
mLi2
r2start. (11)
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FIG. 7. Reaction probability dependence on impact param-
eter b and without Paul trap for different depths of the Li2
potential Epd/kB = 0.1−100 mK. The molecule (purple lines)
gets dissociated or (green lines) survives the collision.
For rstart = 0.5µm used in all simulations presented in
the main text we obtain κ ≈ 3.29 × 10−5cm3s−1K− 12 .
Then, the reaction rates are obtained with Eq. 5 of the
main text.
For a consistency check, we compare the Langevin col-
lision rate from our simulation with one obtained analyt-
ically. We simulate about 1.2 × 106 atom-ion collisions
with rstart = 0.3µm. We monitor the minimal atom-ion
distance rmin during the entire propagation and label a
collision Langevin if rmin < 5 × 10−9 m. Note, that due
to the spiraling character of the Langevin collisions the
exact value for the discrimination has no significant influ-
ence. We find about 0.24×106 Langevin collision. Using
Eq. 11 (and Eq. 5 from the main text), we extract the
numerical Langevin (L,n) rate of
Γ′L,n = 4.71± 0.01× 10−9 cm3s−1. (12)
The analytical (a) Langevin collision rate is calculated
from
Γ′L,a = 2pi
√
C4
µ
≈ 4.80× 10−9 cm3s−1. (13)
The two rates agree within ∼ 2%, showing that the sim-
ulations are consistent with the analytical model.
Langevin and non-Langevin collisions – In the main
text we find for large binding energies, that the reac-
tion rates for breaking up a Li2-dimer are similar to
the Langevin collision rate. However, close to the Fes-
hbach resonance, the dissociation rate even exceeds the
Langevin rate, as can be seen in Fig. 2a (and Fig. 3)
of the main text. Here, we separate Langevin from
non-Langevin collisions to study their reaction rates in-
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FIG. 8. Reaction rates for various relative numerical toler-
ances of the stepper method with TYb+ = 5µK and TLi2 =
20µK.
dependently. We label a collision as Langevin if the
minimal atom-ion distances rmin < 5 × 10−9 m, for at
least one of the two atoms. We run 2 × 104 colli-
sions with (rstart = 0.5µm) for 49.9, 1.58 and 0.0144µK
from which roughly 10% are Langevin collisions. For
the Langevin collisions the reaction rates are shown in
Fig. 5. The probability of an unbroken Li-dimer from a
Langevin collision is roughly PL,Li2 = (0.14, 2.95, 0.81) %
for (49.9, 1.58, 0.0144)µK.
For non-Langevin collision (not shown) we find no dis-
sociation events for 49.9 and 1.58µK. For weaker bound
molecules at 0.0144µK we find Pnon−L,diss. ≈ 3%. Since
about 90% of the simulation are non-Langevin collisions,
this results in a significant amount, such that Γ′diss > Γ
′
L
for weakly bound dimers.
We find that dissociation in non-Langevin collisions
only occurs close to the edge of the critical impact pa-
rameter bc = (2C
ai
4 /Ecol)
1/4 (see main text). This is
shown in Fig. 6. There, the occurrences of rmin for
dissociation (orange) and unbroken Li-dimers (blue) are
shown for non-Langevin collisions at 0.0144µK. The col-
lisions leading to dissociation have small rmin around the
Langevin impact parameter (center gray line), indicat-
ing that glancing collisions contribute to the dissociation
rate low binding energies.
Molecule model potential – The model potential
(Eq. 3 main text) for the molecules was chosen to be
rather shallow and we present here a consistency check
to verify that this does not influence our results. The
shallowness of the potential is important to reduce the
required computational effort: The ion moves on length
scales of . 0.5µm (Tion = 250µK), and thus a reason-
ably large simulation sphere has to be chosen. To avoid
the propagation of very quickly-oscillating molecules over
these large distances, it is beneficial to use a very shal-
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FIG. 9. Energy conservation for simulations without trapping
fields for different tolerances 10−12 (blue), 10−10 (orange) and
10−8 (green). Collision 0-149 result in Li2 and 150-300 in
LiYb+. The step in accuracy likely stems from the large dif-
ference of energy scales in the LiYb+ system.
low potential for the molecule. This is possible since
the physical behavior should be dominated by the long-
range term. Here, we choose the Caa12 coefficent of
Eq. 3 in the main text to limit the potential depth to
Epd/kB = 10 mK. We do a convergence check with-
out the Paul trap and with Tion/kB = 0 K. The bind-
ing energy is Eb/kB ≈ 0.1µK. We launch the molecules
from a fixed starting position and only randomize dif-
ferent molecule orientations towards the ion. The result
is shown in Fig. 7. We see no significant deviations in
a range from 1 mK to 100 mK on the shown reaction
rates.
Tolerance of the stepper method – We perform a con-
vergence test to verify the numerical tolerance used for
the Runge-Kutta stepper method. Therefore, we do a full
simulation for different tolerances, see Fig. 8. The reac-
tion rates are independent of the tolerance up to 10−8.
Only for a tolerance of 10−6 do we see the rates devi-
ate, especially for higher B-fields. We chose 10−10 for all
simulations.
Energy conservation – Finally, we check the conser-
vation of energy. Since time dependent fields can pump
energy into the system during a collision [27], we simulate
collisions without the ion trap.
The relative change in energy ∆E/E is shown in Fig.
9 for different tolerances 10−8−10−12 of the stepper [28].
For a tolerance of 10−10 we find ∆E/E . 10−4 for colli-
sions that do not break up the Li2-dimer, while collisions
leading to LiYb+ have a lower accuracy. This we at-
tribute to the stiffness of the LiYb+ systems due to the
different time scales of the fast motion of the bound Li
and the slow propagation in the trap. For lower toler-
ances the accuracy increases by a factor of roughly 10,
at the cost of approximately doubling the computation
time.
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